Objective-Blood-brain barrier (BBB) dysfunction caused by activation of matrix metalloproteinases (MMPs) is a pathological feature in vascular/neurological disease. We describe the mechanisms of BBB dysfunction and neuroinflammation as a result of MMP-3/9 activation and disruption of vascular endothelial growth factor (VEGF)-A/VEGFR-2 interaction, impairing effective angiogenesis. Methods and Results-We investigate the hypothesis in human brain endothelial cells and animal model of chronic alcohol ingestion. Proteome array analysis, zymography, immunofluorescence, and Western blotting techniques detected the activation, expression, and levels of MMP-3 and MMP-9. We found that degradation of VEGFR-2 and BBB proteins, for example, occludin, claudin-5, and ZO-1 by MMP-3/9, causes rupture of capillary endothelium and BBB leakiness. Impairment of BBB integrity was demonstrated by increased permeability of dye tracers and Fluo-3/calcein-AM-labeled monocyte adhesion or infiltration and decrease in transendothelial electric resistance. Alcohol-induced degradation of endothelial VEGFR-2 by MMP-3/9 led to a subsequent elevation of cellular/serum VEGF-A level. The decrease in VEGFR-2 with subsequent increase in VEGF-A level led to apoptosis and neuroinflammation via the activation of caspase-1 and IL-1b release. The use of MMPs, VEGFR-2, and caspase-1 inhibitors helped to dissect the underlying mechanisms. Key Words: alcohol  blood-brain barrier  matrix metalloproteinase  vascular endothelial growth factor  vascular endothelial growth factor-R2  vascular inflammation
T he blood-brain barrier (BBB) is consisted of highly specialized intercellular tight junction (TJ) proteins that regulate the trafficking of ions and molecules into the brain from blood circulation. 1 The TJ proteins such as occludin, claudins, and zonula occludens (ZO-1-3) connect the brain endothelial cells to form a tight monolayer for ensuring structural integrity and selective permeability across the BBB. 2 Occludin and claudins act as sieve proteins that are linked to actin cytoskeleton via the intracellular anchoring protein ZOs. 3 Disruption of BBB function/structure integrity is commonly observed in neurological diseases such as stroke, 4 Alzheimer disease, 5 HIV-1 encephalitis, 6 and multiple sclerosis. 7, 8 The cellular and molecular mechanisms of BBB damage and neurovascular inflammation are not well known in these neurological diseases.
One common mechanism of BBB leakiness is regulated by activation of matrix metalloproteinases (MMPs, zinc-dependent endopeptidases) during oxidative stress. 9 Activation of MMP-1, MMP-2, and MMP-9 has been shown to degrade BBB basement membrane and TJ proteins that lead to increased permeability and immune cell infiltration into the brain. 9, 10 Such an increase in MMPs activities and BBB damage are also demonstrated in animal model of ischemic stroke. 11, 12 Significantly, there is a strong association between activation of MMPs and degradation of BBB basement membrane proteins in human after ischemic and hemorrhagic stroke. 13, 14 Surprisingly, there is very little information as to why the inherent angiogenesis fails to repair the damaged basement membrane and TJ proteins of these capillaries.
Vascular endothelial growth factor (VEGF-A), an agonist to VEGFR-2 is a key regulator of angiogenic response and endothelium wound healing. 15 The binding of VEGF-A to VEGFR-2 induces receptor dimerization and autophosphorylation, which promotes angiogenesis and repair of the damaged existing vasculature. 16, 17 Tyrosine kinase receptors such as VEGFR-1, VEGFR-2, and VEGFR-3 are expressed exclusively in endothelial cells. 18 Out of this, the intracellular VEGFR-2 (also known as KDR/Flk-1) plays a central role in
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the proliferation and vascular endothelium function. 19, 20 Thus, lack of VEGFR-2 can terminate the embryonic stage due to the absence of endothelium development. 16 But, overexpression of VEGF in brain endothelium has been shown to diminish TJ proteins and BBB function. 21 ,22 VEGF appears to exert protective 23 as well as destructive 24 effects on cerebral vascular function (BBB integrity). These biphasic effects appear to depend on the physiological concentrations of VEGF. The mechanism by how VEGF signaling disrupts the BBB function in the context of VEGFR-2 and MMP activation remains elusive in brain vascular biology.
Recently, we reported that selective phosphorylation of VEGFR, insulin receptor, and nonreceptor Src kinase was associated with MMP-1, MMP-2, and MMP-9 activation and BBB dysfunction during acute ethanol exposure and oxidative stress. 9 We examined the effects of 50 mmol/L ethanol (0.2% vol/vol) as acute exposure in cell culture and 5% (vol/vol) ethanol liquid intake for 9 weeks as animal model of chronic alcohol intake on VEGF/VEGFR-2 regulation and MMPs activation. The concentrations of ethanol use in this study is within the physiologically detectable range because in human up to 0.31% (68 mmol/L) blood alcohol levels are detected in moderate to severe intoxicated alcohol drinkers. 25, 26 The purpose of the study is to dissect out the molecular mechanisms of BBB disruption by ethanol exposure in acute condition and then validate the findings in animal model of moderately high alcohol ingestion in chronic condition. We propose the idea that physiological level of VEGF in acute alcohol intake triggers the activation of MMP-3/9 in brain endothelium via the autophosphorylation of VEGFR-2. The vasculature damage (BBB damage) caused by MMPs as a result of chewing up the TJ proteins and basement membrane components is likely to be repaired by VEGF-mediated VEGFR-2 phosphorylation in acute condition. However, in chronic alcohol intake, we propose that a sustained MMPs activation causes the degradation of TJ and VEGFR-2 proteins. The inability of VEGFR-2 to actively regulate the vascular repair process leads to chronic rupture of capillaries and leakiness of BBB, thereby initiating the neurovascular inflammation. We propose that this decrease in VEGFR-2 levels enhances VEGF-A in endothelium and in the blood serum, which appears to be responsible for the sustained activation of MMP-3/9 via the caspase-1 and IL-1b release pathway. We conclude that excess VEGF production in chronic alcoholism may be a detrimental risk factor for neurological disorders such as hypertension and stroke.
Methods reagents and Cell Culture
The source of antibodies, chemicals, primary human brain endothelial cells (hBECs), and cell culture techniques are described in detail in the online-only Data Supplement material. Briefly, primary hBECs were cultured in type 1 rat-tail collagen and fibronectin-precoated plates as described previously. 27 
animal studies
Five-week-old weight-match male rats were pair fed the LieberDeCarli control or 29% calorie intake (5% vol/vol) ethanol liquid diets for 9 weeks. Animals were euthanized at the 10 th week on different days, depending on the nature of experiments with/without cell infusion. Particularly, experiments that involve infusion of fluo-3-labeled cells into the common carotid artery as previously described 28 require a few days to complete the whole experimental conditions. The levels of alcohol, VEGF-A and IL-1b were determined in blood samples, and blood alcohol level was determined to be 8.8-24 mmol/L (0.05-0.11%) in alcohol diet ingested animals (determined by EtOH assay kit, Diagnostic Chemicals Ltd, Charlottetown, PEI, Canada). This huge variation in blood alcohol levels is commonly in animal studies due to nocturnal feeding habits of rats and variation in ethanol metabolic and clearance rate. The detectable levels of blood alcohol can be increased and the variable range can be narrowed in this animal model. This can be achieved by starving the animal overnight follow by feeding them at about 5-6 am and then collect the blood samples at about 7-8 am. This was not done in the present study because we knew the outcome from our past experience.
immunofluorescence and Microscopy
Changes in cell adhesion/migration, expression of TJ proteins, MMPs, caspase-1, and VEGFR2 were analyzed in intact external cerebral capillary vessels and brain tissue sections containing the internal capillaries, or hBECs cultured on cover slips by immunohistochemical stainings and fluorescent microscopy. For detail protocols and dilution of respective antibody, please see the online-only Data Supplement material.
Western Blotting
Changes in protein levels of MMP-3, MMP-9, occludin, claudin-5, ZO-1, VEGFR-2, p-VEGFR-2tyr1054, p-VEGFR-2tyr1175, caspase-1, and IL-1b in intact capillary vessels, brain tissue sections, and hBECs culture were analyzed by Western blotting. See detail experimental protocol in the online-only Data Supplement.
dot Blot MMPs array analysis
Human matrix metalloproteinases antibody array (Ray Biotech, Norcross, GA) was used to analyze the regulation of MMPs in control or EtOH-treated samples as per manufacturer's instructions.
Zymography of MMP activity
We determined the MMPs activities in hBECs culture, brain tissue, and microvessel homogenates by zymography as per well-established method. 29 Gelatinolytic (for MMP9) or stromelysin (for MMP3) activities were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a 10% polyacrylamide gel containing 0.1% gelatin or a 12% gel containing 0.1% casein at 125 V for 90 minutes at 4°C and stained with 0.5% Coomassie brilliant blue R-250. See details of the experimental protocol in the online-only Data Supplement.
enzyme-Linked immunosorbent assay
Using commercial enzyme-linked immunosorbent assay kits (ELISA), the levels of VEGF-A (R&D Systems, Minneapolis, MN) and IL-1b (BD Biosciences, San Jose, CA) were analyzed in cell culture media and blood serum as per manufacturer's instructions.
tuNeL and ParP analyses
Using the terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL, Roche Diagnostics, IN) assay kit, cell apoptosis was determined in tissue sections as per manufacturer's instructions. To confirm the TUNEL assay, Western blotting determined the breakdown of 113 kDa poly-ADP-Ribose-Polymerase (PARP) to 89 kDa and 24 kDa PARP fragments using rabbit anti-PARP primary antibody (BD Biosciences). Detection of 89 kDa PARP fragment is an early marker for apoptosis, which is mediated by caspase-1/3 signaling pathway.
transendothelial electric resistance
To determine the integrity of BBB function, a highly sensitive 1600R ECIS system (Applied Biophysics, Troy, NY) determined the changes in transendothelial electric resistance (TEER) across the BBB as previously described. 9 See detail protocol in the online-only Data Supplement.
Cell adhesion and Migration across BBB
Immune cells adhesion on the endothelium and migration across the BBB in an in vivo and in vitro were analyzed by fluorescence-labeled cells as described previously. 28, 30 See detail protocol in the online-only Data Supplement.
data analysis
All the results are expressed as the mean±SEM. Statistical analyses of the data were performed using Graphpad Prism V5 (Sorrento Valley, CA). Two-way ANOVA with Dunnett post hoc tests determined the differences between control and experimental conditions, and a probability value of <0.05 was considered significant.
results activation of MMP-3/9 Causes BBB Leakiness

Activation of MMPs Diminishes TJ Protein Expression in Brain Endothelium and Microvessels
Degradation of extracellular matrix and basement membrane proteins is the key function of MMPs. We have shown that VEGFR is involved in activation of MMPs and BBB damage in acute alcohol exposure. 9 To identify the specific types of MMPs, we first examined the changes in the expression of 10 different types of MMPs by proteome array in primary hBECs culture after exposure to 50 mmol/L ethanol for 24 hours. Out of the 10 MMPs, ethanol exposure significantly elevated the levels of MMP-3 and MMP-9 compared with untreated hBECs in culture ( Figure IA -IC in the online-only Data Supplement), and these observations were confirmed by immunofluorescence staining and Western blotting. Further, detection of MMPs activity by zymography validated the changes in expression and protein levels of MMPs in brain endothelial cells and rat brain tissues and microvessels. Thus, we found that alcohol increased the gelatinolytic (for MMP9) or stromelysin (for MMP3) activity with/ without VEGF treatment in cell culture or in brain tissue and microvessels ( Figure II in the online-only Data Supplement). Thus, in this study, MMP-3 and MMP-9 were targeted as the causative factors for disruption and leakiness of neurovascular function (the BBB). As expected, colocalization of MMPs and TJ proteins revealed that increase in the expression of MMP-3 and MMP-9 reciprocally diminished the expression of occludin and ZO-1 by alcohol treatment compared with untreated control cells ( Figure 1A through 1C and Figure III in the online-only Data Supplement). In parallel, we also analyzed the colocalization of MMP-3 or MMP-9 and occludin in intact rat brain microvessels from control and chronic alcohol intake. In agreement with the findings in primary hBEC culture, we observed that increase in MMP-3 or MMP-9 expression correlated with a decrease in occludin expression in intact capillary vessels ( Figure 1D ) and in microvessels of brain tissue section ( Figure  IV in the online-only Data Supplement) from alcohol ingested animal compared with controls.
Reduction in TJ Proteins by MMPs Disrupts the Integrity of BBB Interface
Changes in the expression of MMP-3, MMP-9, and TJ proteins were validated by Western blot analyses in lysate protein from hBEC culture, intact brain microvessels, and brain tissue homogenates. Similar to microscopy imaging data, Western blot analyses confirmed that alcohol in deed enhanced the levels of MMP-3 and MMP-9 proteins ( Figure  1E ) as well as decreased the levels of occludin, claudin-5 and ZO-1 proteins ( Figure 1F ) in hBEC culture, intact capillary vessels, and in brain tissue. Degradation of occludin, claudin-5 and ZO-1 by addition of exogenous MMP-3 or MMP-9 proved the point that BBB is targeted by MMPs activation. The attenuating effect of TIMP1 on TJ proteins in the absence or presence of ethanol further validated the notion that activation of MMPs lead to disruption and leakiness of the BBB integrity.
Loss of TJ Integrity Enhances Permeability and Leakiness of BBB
As functional assays, we assessed the integrity of BBB by TEER, permeability of BBB by sodium fluorescein/Evan blue (NaFl/EB) tracers, and infiltration of immune cells across the BBB and into the brain by calcein-AM or Fluo-3-labeled monocytes. Assessing the changes in real-time TEER by a highly sensitive ECIS system showed a significant reduction in BBB electric resistance by EtOH or in combination with MMP-3 or MMP-9, which exacerbated the effect of EtOH in a time-dependent manner ( Figure 2A ). The fact that TIMP1 prevented the effect of EtOH on TEER reduction reinforced the direct role MMPs on BBB dysfunction. The role of VEGFR-2 in the integrity of BBB was come from the treatment of Ki8751 (VEGFR-2 kinase inhibitor), where TEER value was significantly reduced and with EtOH the effect was exacerbated (Figure 2A ). Disruption of this BBB integrity was further supported by increased permeability of small molecular weight tracer NaFl (MW=376) and large molecular weight tracer EB (MW=961) into the brain of chronic alcohol intake rats compared with respective controls ( Figure 2B ).
Leakiness of BBB Enhances Immune Cell Infiltration Into the Brain
Migration of calcein-AM-labeled monocytes across the endothelium showed a significant 2-to 2.5-fold increments of immune cell migration in EtOH or EtOH in combination with MMP-3 or MMP-9 compared with controls ( Figure 2C ). The effect of EtOH on cell migration was comparable to that of lipopolysaccharide (LPS), which was used here as positive control. As expected, TIMP1, an inhibitor of MMPs attenuated the effect of EtOH on monocyte migration. VEGF-A alone did not cause robust cell migration. However, inhibition of VEGFR-2 by Ki8751 exacerbated the effect of EtOH on cell adhesion and migration across the BBB. Thus, we further investigated the involvement of VEGFR-2 on BBB integrity in hBEC culture. Western blot analyses revealed that treatment of hBECs with Ki8751 selectively downregulated the levels of occludin, claudin-5, and ZO-1 proteins either in the presence or absence of alcohol exposure, suggesting the synergistic association between VEGFR-2 and brain vascular function ( Figure 2D) . Moreover, addition of VEGF-A (100 ng/mL) exogenously decreased the level of occludin, claudin-5 and ZO-1 proteins (Figure 2D ), suggesting that antagonizing the VEGFR-2 function by a high concentration of VEGF-A can impair the integrity of BBB.
Finally, utilization of our animal model of chronic alcohol intake allowed us to validate the notion that neuroinflammatory process was initiated by BBB damage. We found that infusion of bone marrow derived rat monocytes and macrophages labeled with Fluo-3 into the right common carotid artery demonstrated an increase in cell adhesion and infiltration at the damage sites of the brain capillary alcohol intake animal compared with pair-fed controls ( Figure 2E ). Further, infiltration of immune cells into brain was analyzed by staining with antibody to CD68 in brain tissue sections from rats that were not subjected to cell infusion. Our data confirmed that there was more number of infiltrated immune cells in the brain of alcohol intake than the pair-fed controls ( Figure 2F ). Taken together, these results indicate that activation of MMPs and diminished repair function of VEGFR-2 may lead to vascular leakiness and enhanced cell adhesion/infiltration for initiation of cerebral inflammatory disease in alcohol abuse.
MMPs degrade VeGFr-2 Protein
VEGFR-2 is a key regulator of angiogenesis and vascular wound healing, which is mediated by the physiological concentration of VEGF-A. We reported a correlation between MMPs activation and VEGF/VEGFR signaling responsible for the disruption of BBB function during alcohol exposure. 9 We evaluate the underlying mechanisms of MMP-VEGFR-2/VEGF interplay for causing vascular leakiness in rat model of alcohol intake and in hBEC culture. Our results show that ethanol increased the expression of MMP-3 and MMP-9 and decreased the expression of VEGFR-2 in hBECs (Figure 3A and 3B). Alcohol-induced reduction in VEGFR-2 protein was validated by Western blot in protein samples from brain tissue and microvessel of rats ( Figure 3C ). To prove that degradation of VEGFR-2 protein by MMPs was a possible mechanism for endothelium dysfunction, we treated hBECs with exogenous MMP-3 and MMP-9 in the presence or absence of EtOH or TIMP1. Addition of MMP-3 or MMP-9 significantly reduced the level of VEGFR-2 protein either in the presence or absence of EtOH compared with untreated control (Figure 3D ). Importantly, TIMP1 mitigated the MMP-mediated degradation of VEGFR-2 protein, supporting the hypothesis that MMP-3/9 activation and VEGFR-2 reduction was involved in alcohol-induced leakiness of the BBB function.
Degradation of VEGFR-2 Elevates Cellular and Serum VEGF-A Levels
The decrease in VEGFR-2 protein that we observed is expected to elevate the cellular and circulatory VEGF-A levels because the platelets and endothelial cells will continue to secrete VEGF-A, whereas VEGFR-2/VEGFR-1 is unable to bind to VEGF-A inefficiently. Thus, we quantified the levels of VEGF-A in blood serum samples and supernatants of hBECs cultured media by ELISA. Our results show that alcohol elevated the levels of VEGF-A in serum and cellular culture media compared with respective controls ( Figure 4A and 4B). Interestingly, MMP-3 and MMP-9 also increased the levels of VEGF-A either in the presence or absence of alcohol, whereas TIMP1 (inhibitor of MMPs) decreased the effect of alcohol on VEGF-A regulation. These data suggest that MMP-3/9 was involved in the malfunctioning of VEGFR-2 causing increase extracellular VEGF-A levels. To address the idea that this excess level of VEGF-A in turn triggers the activation of MMP-3/9, we then determined the changes in protein levels of MMP-3, MMP-9, and VEGFR-2 after treatment of VEGF-A with hBECs in culture. The kinetic profile data showed that an increase in MMP-3 or MMP-9 protein level was inversely proportional to a decrease in VEGFR-2 protein ( Figure 4C ) after VEGF-A treatment. The subtle difference between MMP-3, MMP-9, and VEGFR-2 alterations appeared to occur at 12-24 hours after VEGF-A exposure. Thus we treated hBEC culture with VEGF-A for 24 hours with or without EtOH and analyzed the alterations of MMP-3, MMP-9, and VEGFR-2 proteins level by Western blotting. Indeed, we confirmed that activation of MMP-3 or MMP-9 by physiological excess VEGF-A level led to the degradation of VEGFR-2 protein, which was further aggravated by the presence of alcohol ( Figure 4D ). We then examined the phosphorylation of VEGFR-2 at 2 sites of phospho-VEGFR-2 tyr1054 and phospho-VEGFR-2 tyr1175 in cell culture and animal model of chronic alcohol intake. Using specific antibody to phospho-VEGFR-2 tyr1054 and phospho-VEGFR-2 tyr1175, we detected the phosphorylation of VEGFR-2 by Western blotting. EtOH or VEGF significantly increased the phosphorylation of VEGFR-2 at these 2 tyrosine residues in hBECs culture similar to alcohol-induced increase in whole brain or microvessel tissues compared with respective controls ( Figure  4E ). As expected, TIMP1 or Ki8751 significantly inhibited the phosphorylation of VEGFR-2. These findings suggest that reduction of VEGFR-2 by MMPs may be further exacerbated by VEGF signaling loop in alcohol-induced neurovascular disease. These data suggest that alcohol-induced degradation of VEGFR-2 causes increase in phosphorylation of VEGFR-2 protein as result of VEGF elevation and translocation of VEGFR-2 to the nuclear membrane, which has been observed in endothelial cells.
31,32
Caspase-1 activation Controls the VeGF signaling Loop
To test the hypothesis whether alcohol-induced increase in VEGF-A (due to VEGFR-2 reduction) could activate caspase-1, we analyzed the expression of caspase-1 in hBECs exposed to EtOH, Ki8751, VEGF-A, z-YVAD-fmk (caspase-1 inhibitor), and TIMP1. It was apparent that EtOH, VEGF-A, or inhibition of VEGFR-2, respectively, increased the expression of caspase-1 accompanied by an abrupt decrease in VEGFR-2 protein expression ( Figure 5A ). These changes in caspase-1 protein expression were validated by the changes in protein levels in total protein extracts from hBECs, brain tissue, and microvessel homogenates by Western blot analyses ( Figure  5B ). EtOH, VEGF-A, or Ki8751, respectively, increased caspase-1 protein without significantly affecting the levels of the procaspase-1. As expected, z-YVAD-fmk inhibited the maturation of procaspase-1 to caspase-1. Interestingly, TIMP1 was able to inhibit procaspase-1 maturation, suggesting that sparing the VEGFR-2 degradation by MMPs can reinforce the VEGF-VEGFR-2 interaction for vascular repair process. 
Activation of Caspase-1 Matures IL-1b
Because activation of caspase-1 leads to production of interleukin 1 beta (IL-1b), we then analyzed the level of IL-1b in cell-cultured media and in blood serum from chronic animal studies by ELISA. We observed that treatment of hBECs with exogenous MMP-3, MMP-9, VEGF-A, or Ki8751 significantly increased the levels of IL-1b in the presence or absence of EtOH; however, TIMP1 and z-YVAD-fmk prevented the effects of EtOH on IL-1b elevation ( Figure 6A ). These in vitro studies findings were further validated by our in vivo studies, where the levels of IL-1b in the blood serum of EtOH-diet consumed animal had about 7-fold higher than the pair-fed control ( Figure 6B ). Note that the levels of IL-1b in the blood serum were much higher than that present in cell cultured supernatants. Further, to validate the results of these extracellular and circulating IL-1b levels, we also analyzed the actual protein contents of IL-1b in cell-cultured supernatants, cell lysates, and whole brain tissue/microvessel homogenates by Western blotting. Similar to ELISA assayed results, inclusion of MMP-3, MMP-9, VEGF-A, or Ki8751 in alcohol condition significantly elevated the levels of IL-1b in cell-cultured supernatants ( Figure 6C ), in cell lysates protein ( Figure 6D ), and in whole brain tissue or microvessel homogenates ( Figure 6E ). Taken together, these data indicate that MMPmediated loss of VEGFR-2 function and subsequent elevation of VEGF-A levels in alcohol intake lead to activation of caspase-1 and release of proinflammatory IL-1b. Thus, release of this cytokine via the VEGF signaling pathway may be the reversible loop mechanism for the activation of MMP-3/9 by VEGF-A, which was observed in data presented in Figure 4A and 4B.
Caspase-1 and IL-1b Causes Cell Apoptosis
As a functional read out assay for caspase-1 activation and IL-1b release, we next evaluated the extent of cell apoptosis by TUNEL and Poly-ADP-Ribose-Polymerase (PARP) induction Western blot in hBECs culture and in animal studies. It was obvious that there was much higher positive staining of TUNEL in brain tissue from alcohol-diet ingested animal than the pair-fed control brain tissue section ( Figure 6F ). These findings were further substantiated by the induction of 89 kDa PARP in hBECs ( Figure 6G ) and in rat brain tissue or microvessel homogenates ( Figure 6H ) after alcohol exposure. Similar to IL-1b release data, Ki8751 with or without EtOH upregulated the level of 89 kDa PARP, whereas TIMP1 or z-YVAD-fmk decreased the levels of 89 kDa PARP induction. These results suggest that downregulation of VEGFR-2 mediated caspase-1 activation and that IL-1b release causes cell apoptosis.
discussion
It is now widely accepted that MMP-induced leakiness of the BBB is a key event for the development of vascular and neurological disease. Here, we demonstrated that activation of MMP-3/9 by ethanol impaired the TJ proteins of the BBB in hBECs culture and brain capillary of animal compared with respective controls. Alcohol-induced decrease in real-time transendothelial electric resistance supported the loss of BBB integrity, which was validated by enhanced permeability of Na-Fl/EB tracers across the capillary and into the brain. These findings suggested that leakiness of BBB might be susceptible for initiation of inflammatory neurological disease such as atherosclerosis and stroke. As a proof-of-concept to this inflammatory process, our in vitro and in vivo study findings indicated an increase immune cell (calcein-AM/Fluo3 labeled monocytes) adhesion and infiltration into the brain. Interestingly, TIMP significantly but not completely reversed the effect of EtOH on TEER unlike that of monocyte infiltration. This may be attributed to the fact that TIMP is an inhibitor of MMPs but not an inhibitor of ethanol metabolism. Thus, TIMP is unable to prevent the effect of acetaldehyde and oxidative damage of the BBB. Degradation of the BBB basement by MMPs plays a significant role for migration of immune cells into the brain, thus, inhibition of MMPs by TIMP was effective in reversing the effect of ethanol for infiltration of monocytes. Because activation of MMPs is involved in BBB leakiness, 9,33 inhibition of MMPs has been proposed as beneficial approach to alleviate vascular inflammatory diseases. 34 It is now evident that disruption of BBB and neurovascular components correlates with inflammatory disease such as multiple sclerosis 7, 35 and ischemic stroke. Our idea is that a sustained activation of MMPs by chronic alcohol intake leads to degradation of VEGFR-2 protein, thereby unable to repair the leakiness of the capillary. Our data supported this argument because exposure of hBECs to exogenous MMP-3 or MMP-9 led to the reduction of VEGFR-2 protein, which was further validated by the fact that activation of MMP-3 or MMP-9 in brain microvessel correlated with a downregulation of VEGFR-2 protein. We have not examined the cleavage site(s) of VEGFR-2 by MMPs; however, it has been shown that cleavage of VEGFR-2 by MMPs occur at multiple positions of the extracellular domain of the endothelium VEGFR-2. 37 ,38 There appears to be a strong association between VEGFR-2 signaling and activation of MMPs in vascular biology, because it has been shown that inhibition of VEGFR-2 phosphorylation by propranolol blocked the secretion of MMP-2 in endothelial cells. 39 Conversely, interaction of VEGF and VEGFR-2 (ie, phosphorylation of VEGFR-2) appears to downregulate MMP-9 through a STAT1 activation pathway. 40 In this study, the authors suggest that tyrosine phosphorylation of STAT1 by VEGF may responsible for downregulation of MMP-9. Thus, Ito et al (2009) demonstrated that degradation of VEGFR-1 by MMP-7 exploited the VEGF function to deleterious health effects. 41 We propose that acute exposure of alcohol activates MMP-3/9 via the phosphorylation of VEGFR-2, whereas chronic exposure of alcohol activates MMPs by a sustained VEGF-A loop pathway at the expense of TJ/VEGFR-2 protein degradation by MMPs.
In the present study, we demonstrated that high concentration of VEGF initially increased the expression of VEGFR-2 protein but decreased the VEGFR-2 protein timedependently, with a gradual increase in MMP-3 or MMP-9. These findings indicate that binding of VEGF to VEGFR-2 initially caused the dimerization of VEGFR-2 and increased the expression of receptor protein. Because the binding sites of VEGFR-2 get saturated, the excess VEGF level began to activate MMP-3/9 via the caspase-1 activation loop. In turn, MMPs activation degraded VEGFR-2 protein and further elevated the extracellular and intracellular VEGF levels. Thus, activation of MMPs by VEGF not only degrades VEGFR-2 but also has been shown to decrease the BBB TJ proteins occludin and claudin-5 in autoimmune disease, 21, 42 similar to our present findings. In physiological condition, platelets and endothelial cells constantly produce VEGF-A. As such impairment of VEGFR-2/VEGFR-1 is expected to increase the levels of VEGF-A in the blood circulation. The present studies showed that impairment of VEGFR-2 was accompanied by high levels of VEGF-A (270 pg/mL) in the serum of alcohol intake animal compared with pairfed controls (125 pg/mL). However, the levels of VEGF-A detected in hBEC culture with or without exposure to EtOH or MMP was in the range of 9-22 ng/mL, which was much higher than the VEGF-A levels detected in the serum. This high level of VEGF-A in cell culture supernatants could be contributed by the presence of exogenous VEGF-A in the culture media in addition to EtOH-stimulated secretion by the brain endothelial cells. Similar to these findings, others have reported the elevation of serum VEGF levels in human alcoholics 43 and alcohol-exposed endothelial cells. 44 Interestingly, the serum level of VEGF-A detected in the present studies was comparable to the serum VEGF levels of diabetic patients (257-365 pg/mL), where the mean VEGF-A level in serum of healthy subjects was 216 pg/ mL. 45 Similarly, the level of mean VEGF-A in serum of cancer patients was 291-380 pg/mL compared with the mean VEGF level of 219 pg/mL in healthy subjects. 46 All these findings clearly indicate that detection of abnormal VEGF levels in blood samples can be a standard diagnostic marker for neurovascular disease, diabetes and cancers. It must be noted here that normal physiological level of VEGF is an essential growth factor required for endothelial cell growth and vasculogenesis. Interruption of this physiological homeostasis such as by impairing the VEGF receptors can lead to elevation of VEGF, which in turn may promote activation of MMPs and growth of cancer cells. We describe for the first time that alcohol-induced decrease in VEGFR-2 raises the VEGF above the physiological level, and this sustained increase in VEGF level in turn activates the MMP-3/9 through caspase-1 activation and IL-1b release. Activation of caspase-1 and release of IL-1b release were validated by TUNEL cell apoptosis and induction of PARP in hBECs and in animal studies.
In summary, the alteration of the normal VEGF/VEGFR-2 interaction appears to dictate the outcome of this vascular disease, because VEGF is a promoter of angiogenesis (BBB repair process) at physiological level and an activator of MMPs at high level. We discuss the mechanism of switch by VEGF for causing BBB leakiness in the context of MMPs activation and VEGFR-2 reduction in alcohol abuse. We found that activation of MMP-3/9 by alcohol not only altered the TJ proteins and basement membrane components but also degraded the VEGFR-2 protein. Although disruption of TJ proteins and basement membrane led to leakiness of BBB and vascular inflammation, the impairment of VEGFR-2 function led to inefficient repair process of the leaky BBB as well as elevation of VEGF levels in the circulation. This sustained elevation of VEGF-A above the physiological level triggered the activation of MMP-3/9 through a caspase-1 and IL-1b release to cause inflammation and brain cell death. Figure  VI in the online-only Data Supplement depicts the schematic presentation of our findings.
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